Abstract: Diabetes mellitus is one of the fastest growing health burdens globally. Oxidative 17 stress which has been implicated to the pathogenesis of diabetes complication (e.g.,
relaxation properties. This technique is label-free and the whole assays finish in a few 23 minutes. Various redox states of the hemoglobin were mapped out using our newly proposed attached to protein (glycation), which has deleterious effects on their structure and function.
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Hence, glycated hemoglobin A1c (HbA1c), which reflects the overall glycemic burden of an 6 individual over the previous 2─3 months, is increasingly used to diagnose the disease 2 . It is 7 also recommended for monitoring long-term glucose control of DM patients, and for risk 8 stratification 3,4 .
9
However, HbA1c does not adequately reflect all the disease associated risk factors. In 10 particular, restoring HbA1c level to near-normal level does not necessarily translate into a 11 significant reduction of cardiovascular event, a diabetes complication commonly associated 12 with oxidative stress 5 . In addition, subjects with stable chronic hyperglycemia due to properties of the blood using the optical 13, 15 or magnetic properties 16, 17 of the inorganic iron-1 chelate of hemoglobin (Hb) and plasma albumin.
2
Electron spin resonance is commonly used to detect the ROS/RNS directly 18, 19 . However, the 3 approach is hampered by inherent sample stability issues and limited sensitivity 20 . Stable 4 molecular products formed from reactions with ROS/RNS, such as the oxidation targets (e.g., 5 lipid, protein, nucleic acid) are measurable using a range of spectrophometric assays and 6 mass spectrometry (MS) 21 . Nevertheless, fluorescent-staining often causes cell-toxicity 21,22 , 7 and therefore these assays may not provide information that reflects in vivo conditions. Ultraviolet-visible light spectroscopy has poor spectral resolution, and limited sensitivity. Furthermore, globin-associated free radical in Hb is not optically visible 23 (Supplementary 10 Figures 1-3). MS-based analysis of ROS/RNS reaction products is a powerful and sensitive 11 technique to reveal detailed chemistry of these species, yet requires substantial sample 12 preparation and therefore difficult to be deployed as a rapid screening tool 24 .
13
We herein report an approach to rapidly quantify the composite redox state of the 14 Hb/plasma by direct measurement of proton relaxation rates of (predominantly) bulk water 15 using a bench-top sized micro magnetic resonance relaxometry (micro MR) system (Figures 16 1A-B) 25, 26 . The non-destructive nature of the micro MR analysis allows oxidative stress to be 17 artificially introduced in ex vivo environment using different biochemical compounds (e.g.,
18
nitrite, peroxide) in a controlled manner ( Figure 1C 25, 33 ).
5
We applied micro MR analysis on whole blood samples to stratify diabetic subjects into 6 subgroups based on their oxidative status levels in association with their glycemic control 7 ( Figure 1F ). Assessment of oxidative status by measuring the redox state of whole blood was 8 shown to be highly time-and patient specific, revealing information that is potentially critical 9 for clinical diagnostic, monitoring and prognostic purposes. lead to the eventual formation of oxidized products. The oxidized product is much more 19 stable and measurable using proton NMR relaxometry.
20
Here, we chemically induced ( Figure 1C and Methods Online) and characterized various 21 redox states of the red blood cell and represented them using T1-T2 magnetic resonance 22 relaxation state diagram ( Figure 1D increased from 50 nM to 10 mM (Figures 2A-B) . As the blood sample transformed to a 6 complete paramagnetic state (T2=92.8 ms, T1=190.0 ms) from the initial diamagnetic states 7 (T2=149.0 ms, T1=620.0 ms), the A-ratio dropped from 4.16 to 2.02 (R 2 >0.95, Figure 2C ). As 8 the volume paramagnetic susceptibility increased, this causes the T1-T2 trajectory to move 9 downward in Q1 ( Figure 2D ).
10
The dose-dependent reaction was lost when excess of nitrite (>10 mM) was introduced. This 
25
The amplitudes of the oscillation decreased as the nitrite concentration was increased from 26 500 µM to 4 mM ( Figure 2H ). At much higher nitrite concentration (>10 mM), the reaction 27 curve decayed rapidly in an exponential manner with an increasingly dampened oscillation.
28
Similar observations were recorded using spectrophotometry (Supplementary Figure 1) . Interestingly, the corresponding kinetic profiles followed an identical path over time in the Mellitus. A cross sectional study was carried out to stratify DM subjects based on their 8 oxidative status. DM subjects (n=185) who had HbA1c measured in the outpatient clinic as 9 part of their clinical care (random blood sample) were included in this study. These subjects 10 had HbA1c ranging from 4% to 16% and the subjects were classified into good glycaemic 11 control (<7.0% HbA1c) and poor glycaemic control (>8.0% HbA1c) subgroups 2 . Healthy young 12 male subjects (n=32; age range of 21 to 40 years, fasting glucose below 5.6 mmol/L, average Figure 4D ). Due to structural modification of Hb as a result of increased glycation,
17
HbA1C is less stable and more prone to oxidation, in agreement with observation reported 18 elsewhere 42, 43 .
19
The spread of the baseline was large for the good glycaemic control group, which suggests a 20 large between-subject variability of nitrosative susceptibility, despite having similar 21 glycaemic level ( Figure 4E ). Using the nitrosative susceptibility (Anitrosative-ratio), which could 22 be derived hypothetically from this study and the traditional index of glycaemic control 23 (HbA1c), DM subjects could be stratified into four distinct quadrants (i.e., Q1 to Q4). This 24 approach singled out a minority group in Q3 (subgroup III), who had good glycaemic control, 25 and yet had (high) nitrosative stress Anitrosative-ratio that was at 75 th percentile that of typical 26 DM subjects with poor glycaemic control and at 95 th percentile of the healthy control 27 subjects.
29
Baseline Study: Glycation and Glycoxidation of Plasma. Increased blood glucose 1 promotes non-enzymatic glycation of plasma proteins, which include the albumin, alpha-2 crystalline, collagen, and low-density lipoprotein. A large proportion of total serum protein 3 is attributable to serum albumin 44, 45 . Glycation and oxidative damage cause protein 4 modification, which affects the protein functionality 46 . The micro MR analyses were 5 performed at room temperature (26°C). Each T1-T2 coordinate represents the composite 6 redox properties of one subject's plasma ( Figure 5A ). The baseline readings of the DM 7 subjects have much shorter T1 and T2 relaxation times, and it was well separated from the 8 healthy non DM subjects (blue). Notably, DM subjects with poor glycemic control, in 9 particularly DM subjects of >10% HbA1c subgroup (mean A-ratio of 2.52), seen a strong 10 departure from the healthy controls (mean A-ratio of 2.13) ( Figure 5B ).
11
The marked reduction in relaxation states was attributed to an increase in glycation and 12 glycoxidation of the serum albumin, known as glucose toxicity. As a result of increased The micro MR analyses were performed before (black squares) and after (red circles) the 4 mixing ( Figures 6A-C) .
5
The results of this stress test revealed a large spread of T1-T2 coordinates for DM subjects 6 ( Figures 6A-B) , indicating marked variation in their peroxidative susceptibility as 7 compared to healthy controls ( Figure 6C ). Lower anti-oxidant capacity (or increase in 8 peroxidative stress susceptibility) of plasma is indicated by reduction in T1 and T2 relaxation 9 coordinates (red circles). As more oxidized plasma was formed, the T1 relaxation time 10 reduced much faster than T2 relaxation time, and hence the reduction in Aperoxidative-ratio 11 ( Figure 6D ), which was in agreement with in vitro validation (Supplementary Figure 8c) .
12
DM subjects had much higher plasma peroxidative susceptibility as compared to non-DM 13 counterparts ( Figure 6E ). The normalized plasma peroxidative stress susceptibility can be 14 defined by the difference between the Abaseline-ratio and the Aperoxidative-ratio (Figure 6e ). Note This technology has vast potential to be applied for clinical disease diagnosis, prognosis and 9 monitoring, given that the specificity of the oxidative stress in association with the disease 10 state can be further improved in near future.
11
The platform presented here has several innovative features and is readily adaptable for 12 clinical use (Supplementary Figure 10) . Firstly, the miniaturized platform 26,52 developed 13 here is portable and the proposed assays requires minimal processing steps, low-cost, robust and systematic manner for various chronic diseases (e.g., cancer) and a range of hematology 10 applications (e.g., sepsis), including the acquired and congenital diseases such as enzymatic 11 deficiency, Hb synthesis defects (e.g., Thalassemia), and Hb molecular defects (e.g., sickle 12 cells anemia, unstable Hb). 
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Pure gas N2 was continuously purged into an airtight chamber in order to maintain the de-13 oxygenated condition. The UV-VIS absorbance was used to confirm the presence of with poor glycaemic controls (n=62) and good glycaemic control (n=50) subgroup as 26 compared to healthy non DM subjects (n=20). The subjects with poor glycaemic controls 27 were further sub-divided into >8% HbA1c (n=47) and >10% HbA1c (n=15) subgroups. The statistical significance was calculated using the Student's T-Test (two-tailed, unequal 1 variance). stress test. The probability diagnostic accuracy is quantified as Area Under the Curve (AUC).
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(e) A quadrant chart of diabetic subjects stratified into subgroups based on their oxidative 11 status (nitrosative stress) in association with their glycemic levels (e.g., HbA1c) as compared 12 with healthy non DM subjects (n=23). The proposed method segregated effectively the with good glycaemic control with respect to healthy non DM subjects. The number of 27 subjects (n) were indicated on the parentheses (non-DM, good glycaemic control). 
